I. INTRODUCTION
Recent progress in the development of GaN-based heterostructure field effect transistors ͑HFETs͒ has demonstrated that they are key devices for next-generation communication systems. To achieve high-powers, large saturation currents, and high gain in HFETs, low-resistance ohmic contacts to these devices must be obtained. Investigations of ohmic contact formation to GaN-based semiconductors using different metallization schemes such as Ti/ Al/ Ti/ Au, Ti/ Al/ Pt/ Au, Ti/ Al/ Ni/ Au, and V / Al/ Pt/ Au have been reported. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In conjunction with efforts to achieve low-resistance ohmic contacts to n-GaN using low work-function metal contacts, surface treatment techniques have also been proposed as an additional route to improve ohmic contacts, as the nature of the GaN surface is crucial to the formation of high quality ohmic contacts. Gallium oxide is formed on GaN and AlGaN surfaces when epilayers are exposed to ambient atmosphere. 12 This native oxide acts as a thin insulating layer over the conducting epilayer. Metal contacts deposited on such semiconductors with surface oxides from a metalinsulator-semiconductor structure instead of a metalsemiconductor junction. Thus, it is imperative to remove the native oxide prior to metal deposition on the semiconductor to form low-resistance ohmic contacts. To achieve excellent ohmic contacts on GaN, several techniques have been proposed for treating the surfaces of the layers prior to ohmic metallization. Kim et al. 13 suggested a two-step cleaning process to remove native oxide from the surface of p-GaN in order to improve the performance of the ohmic contacts. They proposed the cleaning of GaN surfaces in boiling buffered oxide etch ͑BOE͒ for 10 min followed by a 10 min etch in boiling ͑NH 4 ͒ 2 S x before patterning the sample. A preohmic metallization clean of the sample surface was performed using a 30-s dip in BOE. This "two-step" cleaning process was shown to improve ohmic contact performance on p-GaN. Kim et al. 14,16 and Lee et al. 15 also studied the effects of cleaning p-GaN surfaces using aqua regia and KOH, 17 and observed that such treatments remove GaO x , formed during high-temperature annealing, leading to the formation of Ga vacancies. Hashizume et al. 18 in their work showed that treating the surface of Al 0.17 Ga 0.83 N in NH 4 OH at 50°C drastically reduced the oxide concentration on the surface of the sample. Lin and Lee 19 studied the effects of cleaning GaN surface in HCl:DI ͑1:1͒ solution for 5 min, followed by a 30 min dip in ͑NH 4 ͒ 2 S x solution kept at 60°C and concluded that the naa͒ Electronic mail: iadesida@uiuc.edu tive oxide was removed with HCl and ͑NH 4 ͒ 2 S x treatments and also that the GaN surface was passivated following the ͑NH 4 ͒ 2 S x dip. Using x-ray photoelectron spectroscopy, Jenkins and Dow 20 showed that the GaN surface was stable and less prone to further oxidation after the ͑NH 4 ͒ 2 S x treatment. By and large, these surface treatment techniques are not compatible with conventional device processing. Resists are susceptible to attack in solution such as ͑NH 4 ͒ 2 S x , especially at high temperatures. It is necessary, therefore, to develop practical processes that can be utilized for the fabrication of high performance devices. To this end, we have investigated the efficacy of various surface treatments for the removal of native oxide on GaN and AlGaN layers that are compatible with standard device process. We have studied the effects of BOE, HCl, and NH 4 OH surface treatments on n-GaN and n-AlGaN layers using x-ray photoelectron spectroscopy ͑XPS͒ and Auger electron spectroscopy ͑AES͒.
Apart from the removal of native oxides prior to metallization, plasma treatment techniques have been described for improving ohmic performance of contacts on GaN-based semiconductors. 21, 22 Ping et al. 22, 23 studied the effects of reactive ion etching ͑RIE͒ induced damage on the Schottky and ohmic characteristics of contacts to n-GaN. For the ohmic contact investigations, 22 the surface of n-GaN was treated with SiCl 4 and Ar plasmas prior to metallization. They found that the contact resistance extracted from contacts fabricated on surfaces treated with SiCl 4 was lower than those from untreated samples. Dry etching the surface with Ar severely degraded the ohmic contact performance. Other investigations 24, 25 using Cl 2 have since been reported. Jang et al. 24 investigated the effects of Cl 2 inductively coupled plasma on n-type GaN and found that Cl 2 plasma treatment improved the ohmic characteristics of metal contacts. Buttari et al. 25 investigated the effects of Cl 2 plasma treatment using RIE on AlGaN / GaN ͑HEMTs͒. In their work, they proposed using Cl 2 plasma to etch the native oxide and the AlGaN layer in order to reduce the contact resistance of the ohmic contacts. An optimal etch depth of 70 Å was shown to minimize contact resistance from 0.45 to 0.27 ⍀ mm. In this work, we investigated the effects of SiCl 4 plasma treatment and subsequent cleaning in BOE, HCl, and NH 4 OH solutions on n-GaN and n-Al 0.20 Ga 0.80 N surfaces using XPS and AES. The efficacy of the different surface treatment schemes were compared by monitoring the oxygen concentrations on the surface of the GaN and Al x Ga 1−x N materials.
II. EXPERIMENTAL PROCEDURE
The epitaxial GaN and AlGaN layers used in this work were grown on sapphire substrates using metal-organicchemical vapor deposition. The layer structure of the GaN layer used in this work was as follows: A 1 m-thick Si doped n-GaN layer grown on an undoped semi-insulating GaN on a sapphire substrate with an intermediate AlN buffer layer. From Hall measurements, the bulk carrier concentration was measured as 1 ϫ 10 18 cm −3 and the mobility was ϳ250 cm 2 / V s. The layer structure of the AlGaN layer used was as follows: A 1 m-thick Si doped n-Al 0.20 Ga 0.80 N ͑8 ϫ 10 17 cm −3 ͒ layer grown on an undoped semi-insulating GaN on a sapphire substrate with an intermediate AlN buffer layer. The samples were degreased and sonicated in acetone and isopropyl alcohol and blow dried using N 2 to remove the organic contaminants on the surface. The samples were then etched in a SiCl 4 plasma using a PlasmaLab RIE system for 60 s at a plasma self-bias voltage of −300 V, a chamber pressure of 25 mTorr, a SiCl 4 gas flow rate of 10 sccm, and a plasma density of 0.77 W cm −2 . The samples were then immediately cleaned in the different etchant solutions for 2 min. In this work, the etch solutions, NH 4 OH ͑30%͒, HCl ͑37%͒, and BOE ͑10:1͒ were maintained at room temperature ͑20°C͒ in order to affect a surface cleaning procedure that is compatible with standard AlGaN / GaN high electron mobility transistor device processing. High resolution XPS measurements were performed using a Physical Electronics PHI 5400 photoelectron spectrometer equipped with a spherical capacitor electron energy analyzer and a dual anode x-ray source. The surface chemical composition of the GaN and AlGaN films was characterized by monitoring the Ga3d, N1s, O1s, and Al2p peaks, and the adventitious carbon on the surface of the samples, as represented by the C1s peak, was used for calibration. The binding energy of the C1s peak was set to be 285 eV, and other core levels were adjusted accordingly. An adjustment of 8 to 10 eV was needed to correct for the charging effects. A monochromatized Mg K ␣ x-ray source was used as the excitation source and the XPS scans were measured with a 45°take-off angle with respect to the detector. The XPS data were fitted and the various peaks were deconvoluted into the respective Gaussian peaks using curve fitting software ͑MICROCAL ORIGIN 6.0͒.
III. RESULTS AND DISCUSSION
To study the effects of SiCl 4 RIE treatment on GaN and the surface oxide removal treatments, the following samples were prepared for XPS measurements. Sample 1 was the as-grown GaN layer without any surface treatment while sample 2 was treated with SiCl 4 plasma in a RIE system at a plasma self-bias voltage of −300 V for 60 s. Samples 3, 4, and 5 were treated with SiCl 4 plasma and followed by a 2-min dip in NH 4 OH, HCl, and BOE solutions, respectively. The samples were loaded into the XPS system within a minute after the surface treatment to prevent further oxidation in the ambient atmosphere.
XPS spectra of Ga3d photoelectrons, deconvoluted into Ga-O and Ga-N components, for the various samples are shown in Fig. 1 . The Ga3d peaks exhibit a blueshift of about 0.2 eV toward the higher binding energy in the samples treated with SiCl 4 plasma and wet etched. This suggests that the Fermi level ͑E F ͒ at the surface of the GaN moved near the conduction band edge due to the plasma and wet etching treatments, resulting in the thinning of effective Schottky barrier height ͑SBH͒ for electron transport. 22 This type of shift is believed caused by the loss of N at the surface, creating N vacancies, which would increase the n-type doping at the surface. [20] [21] [22] The XPS spectra of the N1s photoelectrons are shown in Fig. 2 . The N1s peaks also display a shift of 0.23 eV toward the higher binding energy as similarly obtained for the Ga3d photoelectron XPS spectra. However, minimal reduction in the intensity of the N1s spectra, which were normalized with Ga3d peak areas of the respective samples, for the plasma treated samples is observed. The O1s photoelectron XPS spectra, shown in Fig. 3 , exhibit the oxygen concentration on the surface of GaN after the surface treatment. From Fig. 3 , it is noted that the oxide concentration increased on the surface of the sample treated with SiCl 4 plasma when compared with that on the as-grown sample. This suggests that the plasma-treated sample had an increased tendency to oxidize since the stoichiometry of the GaN on the surface had been altered. This can be attributed to the evolution of N during the SiCl 4 RIE plasma treatment and reaction with O and Ga atoms to form oxynitrides during exposure to ambient atmosphere, which is in direct correlation with the observation reported in the analysis of native oxide 12 and dry oxidized, at 800°C ͑Ref. 26͒ GaN surfaces. It is also seen from Fig. 3 that BOE treatment is the most effective in removing the oxide from the surface of GaN when compared to NH 4 OH and HCl treatments. This is also evident from the Ga3d spectra shown in Fig. 1 . The deconvolution of the spectra into Ga-N and Ga-O bonding components can elucidate the nature of bonding state of Ga atoms on the surface. 26 In this case, such deconvolution shows that BOE nearly eliminates the Ga-O component. The shifts in the binding energy of the O1s spectra and overall peak broadening is similar to the observation of Prabhakaran et al., 12 in which GaN surface oxide was shown to consist of Ga 2 O 3 and oxynitrides.
A comparison of the N to O ratio within each sample is utilized to gain understanding of the evolution surface stoichiometry as a result of the different surface treatment schemes. As discussed above, the small binding energy shift in the XPS peaks, indicative of a shift the the E F toward the conduction band, is believed due to loss of N from the surface. The value of the O:N ratios can increase due to both an increase in O concentration and/or a decrease in N at the surface. For the purposes of this discussion, the change in O concentration is believed to be greater than the decrease in N concentration and the relative ratios are valid. The ratios of the areas of O1s /N1s peaks for all the samples are summarized in Fig. 4 . The O / N ratio for the SiCl 4 plasma-treated sample is higher compared to that of the as-grown sample, indicating an increase in the surface oxide concentration relative to N. The sample treated in SiCl 4 plasma plus NH 4 OH etch exhibits a slight increase in the O / N ratio and this suggests that the NH 4 OH solution facilitates the oxidation of the surface instead of the removal of the native oxide. The O / N ratio for the SiCl 4 plasma treated plus HCl etched is lower than that of the sample treated with SiCl 4 plasma only, but the sample treated in SiCl 4 plasma plus BOE has the smallest of the O / N ratio, which demonstrates that BOE solution is the most effective oxide removal treatment for GaN among the solutions utilized.
The rate of oxidation on a GaN sample that was SiCl 4 plasma treated and BOE cleaned was investigated. For this study, the following samples were prepared: as-grown, SiCl 4 plasma treated, SiCl 4 plasma treated, and BOE cleaned. Of the plasma treated and BOE cleaned samples, the two were exposed to ambient atmosphere after surface cleaning in BOE for 1 and 24 h, respectively. XPS spectra of the O1s photoelectrons for the various samples are shown in Fig. 5 , and the O / N ratios are summarized in Fig. 6 . From Figs. 5 and 6, it is seen that oxygen concentration on the surface of the treated GaN increased after exposure to ambient atmosphere, as it is evident from the increase in intensity of the O1s peak, which were normalized with the Ga3d peak areas for the respective samples, and the O / N ratio. However, the increase is not significant when compared to the plasma treated samples, since the O / N ratio of Sample 5, which was exposed to atmosphere for 24 h, is 0.2 while that of Sample 2, which was treated with SiCl 4 plasma, is 0.81, and that Sample 3, which was treated with SiCl 4 plasma and cleaned in BOE, is 0.12. After 24 h of exposure, however, the amount of oxide on the surface reaches a level, which is comparable to that of the as-grown sample. Hence, it can be concluded that the rate of oxidation ͑in ambient atmosphere͒ on the surface of GaN after cleaning with BOE is rather insignificant in comparison to the level of oxide concentration on the plasma treated samples. This result demonstrates the effectiveness of this procedure at removing the oxide and keeping it off for enough time to send the wafer to the next processing step-metal deposition.
XPS measurements were also performed to study the effects of surface treatments on Al 0.20 Ga 0.80 N samples. AlGaN samples were degreased and sonicated in acetone and isopropyl alcohol and dried with N 2 . The as-grown sample ͑1͒, and SiCl 4 plasma-treated samples ͑2,3,4,5͒ were analyzed for surface stoichiometry with high-resolution XPS. Samples 3, 4, and 5 were further cleaned in NH 4 OH, HCl, and BOE solutions for 2 min, respectively, and also analyzed with XPS for surface stoichiometries. XPS spectra of the Ga3d photoelectrons for the various samples are shown in Fig. 7 . The Ga3d peaks of the Ga-N component exhibit a shift of about 0.25 eV toward the higher binding energy in the samples treated with SiCl 4 plasma. This suggests that the E F at the surface of the AlGaN moved near the conduction band edge due to the plasma treatment, similar to what was observed in the case of plasma treated and wet-etched GaN samples. The shift for the sample that was only plasma treated is contrary to what was observed in the case of GaN. This is believed to be an indication of the greater propensity GaN to form oxynitrides than AlGaN. Angle resolved XPS studies are underway to confirm this hypothesis.
The XPS spectra of the O1s photoelectrons, normalized with respective Ga3d peak area for each sample, for the asgrown and various surface treated samples is shown in Fig.  8 . O / N ratios for the AlGaN surface treated samples are summarized in Fig. 9 . The O1s peak magnitude for the SiCl 4 plasma-treated sample and the NH 4 OH cleaned sample are larger than those in the as-grown sample indicating that the SiCl 4 plasma treatment alters the surface stoichiometry of the samples. The increase in surface oxide concentration is attributed to the evolution of N during SiCl 4 plasma treatment and the subsequent oxidation of the surface in ambient atmosphere. The O / N ratio for the SiCl 4 plasma treated sample is larger than that for the as-grown sample, and this corroborates the increase in surface oxide and the decrease in N concentration on the surface of AlGaN with plasma exposure. The samples treated with HCl and BOE exhibit lower surface oxide concentration compared to the as-grown sample as indicated by the O / N ratios for these samples. Both the O / N ratio ͑and the intensity of the O1s peak͒ is the smallest for the sample, which was cleaned in BOE. From this result, we conclude that BOE is the most effective treatment to remove surface oxides on AlGaN when compared with HCl and NH 4 OH treatments.
We have also investigated AlGaN samples treated with SiCl 4 plasma, cleaned in BOE for 2 min and exposed to ambient atmosphere for 1 and 12 h, respectively, prior to XPS characterization. In Figs. 10 and 11, XPS spectra of the O1s photoelectrons and O / N ratio for the as-grown AlGaN, SiCl 4 -plasma-treated samples, and the sample treated with SiCl 4 plasma and cleaned in BOE and those exposed to air for 1 and for 12 h, respectively, after plasma treatment and surface cleaning in BOE are shown. From the XPS measurements, we can observe that the rate of oxide regrowth on AlGaN samples treated with BOE is insignificant even after 12 h of exposure to ambient atmosphere. This is a slower oxidation rate that what was observed for GaN, and it is good for processing of AlGaN-based devices.
Among the issues of concern with SiCl 4 plasma treatment is whether Si atoms are deposited on the surface of AES surface scans of AlGaN as-grown and surface treated samples are shown in Fig. 12 . Sample 1 is the as-grown AlGaN epilayer, while samples 2-6 have been treated with SiCl 4 plasma at −300 V. Samples 3, 4, and 5 were cleaned in NH 4 OH, HCl, and BOE for 2 min. After cleaning the surface in BOE, sample 6 was further exposed to ambient atmosphere for 12 h. From the figure, it is noted that in sample 2, SiCl 4 plasma treatment causes the deposition of Si on the AlGaN surface and also results in a ratio of O / N peak intensities that is more than that of the as-grown sample. Cleaning the samples in NH 4 OH does not decrease the O peak intensity. However, treating the samples in HCl and BOE does reduce the O peak intensity with BOE being the most efficient etchant for oxide removal. With exposure to air for 12 h after BOE surface treatment, there is a slight increase in oxide concentration on the surface of the sample suggesting reoxidation of the surface after surface treatment much as observed with XPS. As shown in Fig. 13 , cleaning the sample in BOE eliminates the Si peak. The elimination implies that the Si may have existed as SiO x due to ambient oxidation since BOE treatment was very effective in remov- FIG. 10 . XPS spectra of the O1s photoelectrons for the AlGaN surface treated with BOE and then exposed to air for various intervals of time.
FIG. 11. Summary of ratio of O / N peak areas in the AlGaN samples treated in BOE and exposed to air for various intervals of time. ͑1͒ As-grown, ͑2͒ SiCl 4 plasma treated, ͑3͒ SiCl 4 plasma treated and cleaned in BOE, ͑4͒ SiCl 4 plasma treated and cleaned in BOE and exposed to air for 1 h, and ͑5͒ SiCl 4 plasma treated and cleaned in BOE and exposed to air for 12 h. ing Si-O species. It also shows that the Si deposited during the SiCl 4 treatment does not play an active role in the improvement of ohmic contact formation. 27, 28 
IV. SUMMARY
The efficacy of surface treatments on GaN and Al 0.20 Ga 0.80 N to remove the surface native oxide has been investigated using XPS and AES measurements. NH 4 OH, HCl, and BOE solutions were used to clean the GaN and Al 0.20 Ga 0.80 N samples after SiCl 4 plasma treatment, and of these, BOE was found to be the most effective treatment to remove oxide from the surface of the samples. Further, SiCl 4 plasma treatment coupled with wet etching on GaN and resulted in a shift of Ga-N peaks to higher binding energies corresponding to a shift of the Fermi level toward the conduction band edge at the surface. This is believed to be caused by the creation of N vacancies on the surface due to SiCl 4 plasma treatment, which also corresponds to an increase in n-type dopant density on the surface. Similar result was obtained for Al 0.20 Ga 0.80 N samples that were just plasma treated as well as those that were plasma treated and wet etched. The difference in the propensity of retention of N on the surface, possibly by forming oxynitrides, upon plasma treatment may be the cause the discrepancy observed between the GaN and AlGaN sample.
